The Nanga Parbat Massif (NPM), Pakistan Himalaya, is an exhumed tract of Indian continental crust and represents an area of active crustal thickening and exhumation. While the most effective way to study the NPM at depth is through seismic imaging, interpretation depends upon knowledge of the seismic properties of the rocks. Gneissic, 'mylonitic' and cataclastic rocks emplaced at the surface were sampled as proxies for lithologies and fabrics currently accommodating deformation at depth. Mineral crystallographic preferred orientations (CPO) were measured via scanning electron microscope (SEM)/electron backscatter diffraction (EBSD), from which three-dimensional (3D) elastic constants, seismic velocities and anisotropies were predicted. Micas make the main contribution to sample anisotropy. Background gneisses have highest anisotropy (up to 10.4% shear-wave splitting, AVs) compared with samples exhibiting localized deformations (e.g. 'mylonite', 4.7% AVs; cataclasite, 1% AVs). Thus, mylonitic shear zones may be characterized by regions of low anisotropy compared to their wall rocks. CPOderived sample elastic constants were used to construct seismic models of NPM tectonics, through which P-, S-and converted waves were ray-traced. Foliation orientation has dramatic effects on these waves. The seismic models suggest dominantly pure-shear tectonics for the NPM involving horizontal compression and vertical stretching, modified by localized ductile and brittle ('simple') shear deformations.
Knowledge of tectonic and geodynamic processes occurring within the continental crust, particularly at deeper levels, is traditionally obtained via detailed geological analysis in both the field and subsequently in the laboratory of tracts of former middle and lower crust now exposed at the surface. Although relevant to past processes, this approach provides only guides to what might be happening today in the modern middle and lower continental crust. In situ techniques involving remote sensing of the current state of the middle and lower continental crust have therefore recently become increasingly popular and useful. The potentially most useful of these techniques is provided by seismic waves, as both natural and controlled source seismology can be used to image tectonic structures occurring at depth (e.g. Burlini et al. 1998; Khananehdari et al. 1998) . However, such approaches demand that the control geology exerts on the seismic properties is fully understood. For example, as seismic resolution depends on the magnitude and spatial extent of seismic anisotropy exhibited by the geology, there are limits to the size of structures that can be observed. Shear zones, which are typically narrower than the seismic wavelength, are consequently not normally visible using standard seismic survey methods such as multi-azimuth wide-angle controlledsource seismic surveys. However, it has been suggested (e.g. Lloyd & Kendall 2005 ) that vertical resolution can be improved further using knowledge of reflection coefficients and mode conversions at (lithological) interface boundaries, which demands detailed knowledge of the geological control on the seismology.
Large-scale continental structures are typically exhumed or emplaced on localized zones of † Deceased 2008. high-strain deformation that may persist to great depths, perhaps through the entire crust, and form both simple and complex linked three-dimensional arrays (e.g. Sibson 1977; Ramsay 1980; Coward 1994) . It has long been known that the deformation mechanisms and processes responsible for emplacement and/or exhumation are frequently preserved in the grain-scale microstructures observed in surface outcrops (e.g. Nicolas & Poirier 1976; Passchier & Trouw 1996) . More recently, it has been realized that these microstructures can also be used to estimate a variety of petrophysical properties and, in particular, their seismic characteristics (e.g. Babuska & Cara 1991; Kocks et al. 1998) . Ductile shear zones in lower continental crust contain structures at the scale of the crystal lattice, grains and lithological layering and larger. The seismic anisotropy of such zones is a function of all these structures. Characterization of this seismic anisotropy necessitates information on the various scales and a method of integrating the effects to obtain the bulk properties (e.g. Christensen 1984; Ben Ismail & Mainprice 1998 ). In contrast, concentrated shear in upper levels of the continental crust often occurs along cataclastic zones, the seismic properties of which are determined by the fracture density or porosity of the fault rocks (e.g. Crampin 1981 ).
This contribution concentrates on the petrofabric or crystal lattice preferred orientation (CPO) determination of seismic properties (e.g. Kern 1982; Siegesmund et al. 1989; Barruol & Mainprice 1993; Burlini & Kern 1994; Barruol & Kern 1996) . It has long been recognized that CPO is a major cause of seismic anisotropy (Hess 1964; Christensen 1971) . The question posed is therefore whether or not it can be expected to be able to distinguish between different structural, tectonic and geodynamic configurations (e.g. shear and fault zones) at depth in crystalline rocks by measurement of their seismic properties. The Nanga Parbat Massif (NPM), Pakistan Himalaya ( Fig. 1) , is considered an ideal example of the possibility of using seismic observations to determine whether its emplacement was/is accommodated solely on localized fault and shear zones via essentially simple-shear deformation (e.g. Burg 1999) , or whether bulk pure-shear deformation within the massif as a whole played/ plays a significant role (e.g. Butler et al. 2002) . CPO data from characteristic rock samples, measured via scanning electron microscope (SEM) electron backscattered diffraction (EBSD), are used to determine the overall elastic and seismic properties of rocks from the NPM. These can then be used to populate various seismic models to investigate the regional geodynamic setting.
Regional geology and sample descriptions

Regional geology
The NPM (Fig. 1a) lies within the Indo -Asian continental collision zone (Fig. 1b) , which forms the major current example of active continental collision and compressive intra-continental tectonics. It represents an exhumed tract of Indian continental crust and, as an area of active crustal thickening and exhumation, offers insights into how localized thrust faults exposed at the Earth's surface couple with more distributed strain at depth. The NPM exhibits a remarkably high topography (.8 km) and forms an elongate, upright, north-south antiform with c. 40 km wavelength that probably involves the whole crust (Zeitler et al. 2001; Butler et al. 2002) . It comprises exhumed young (,2 Ma) Indian continental granitic and metasedimentary gneisses and granitic orthogneisses basement and calc-silicate and marble metasedimentary cover. However, there is a distinct geochemical, metamorphic and tectonic regime relative to the surrounding terrain, which suggests an anomalous structure beneath the massif (George et al. 1993; Zeitler et al. 1993 Zeitler et al. , 2001 ). The massif can be defined by the shape of the contact, known as the Main Mantle Thrust (MMT), between Indian continental gneisses with the overlying Kohistan arc rocks (Fig. 1c, d ). The entire complex was subducted and metamorphosed during collision to amphibolite grade typified by a quartz-muscovitebiotite-plagioclase assemblage (Zeitler et al. 2001) . Peak metamorphic conditions towards the west of the massif, in the vicinity of the sampling region (see below), are thought to have been c. 7-11 kbars and 550-700 8C (i.e. 25-40 km depth), in contrast to c. 7-14 kbars and 675-800 8C (i.e. 40-50 km depth) on the eastern margin of the massif (Poage et al. 2000) .
The NPM has been, and continues to be, exhumed on a series of ductile shear and brittle fault zones, resulting in at least 22 km of erosion during emplacement (Butler et al. 2000; see Fig. 1c, d) . It is assumed that the overall tectonic regime has not changed significantly over the last few million years (Zeitler et al. 2001) , with geochronological data suggesting that exhumation is exposing rocks that are representative of the deformation kinematics currently operating at depth Butler et al. 2002) , with the location of the study area indicated. (d) Schematic cross-section of the Nanga Parbat Massif (after Butler et al. 2002) ; note location of the study area. G. E. LLOYD ET AL. (Zeitler et al. 1993) . The central part of the massif is bound by two primary shear zones (the Liachar and Rupal), although current exhumation is achieved on a cataclastic fault zone termed either the Liachar Thrust (Butler & Prior 1988) or the Raikhot Fault (Zeitler et al. 2001 ) which emplaces gneisses onto Quaternary gravels (e.g. Fig. 2a-c) . The 2 km wide Liachar Shear Zone occurs in the hanging wall of this structure (Fig. 1d) , which led Butler & Prior (1988) to suggest that the surface cataclastic faults pass downwards into a ductile simple-shear zone. However, an alternative model (Butler et al. 2002) argues for more distributed deformation at depth, partitioned between broadly simple shear in the ductile shear and cataclastic fault zones and broadly pure shear in the rest of the hanging wall. Various models currently exist to explain the kinematics of the exhumation and emplacement of the NPM. Nevertheless, as an area of active crustal thickening and exhumation, the NPM offers insight into how localized thrust faults at the Earth's surface couples with more distributed strain at depth (Butler et al. 2002) .
It has long been recognized that seismogenic faulting often passes into aseismic creep with depth (e.g. Sibson 1977 ). However, the kinematics and distribution of strain at depth remains controversial (Butler et al. 2002) . While simple-shear deformation is localized into relatively narrow tracts of non-coaxial strain, anastomosing discrete tracts could produce a thick zone of macroscopically distributed strain (e.g. Burg 1999 ). Alternatively, distributed strain at depth could be accommodated by pure-shear subvertical stretching (e.g. Butler et al. 2002) . The latter model is one of volume conservation: layers parallel to the principle axes of strain do not rotate and experience no shear strain, while layers perpendicular to compression are shortened and thickened (e.g. Twiss & Moores 1992) . Butler et al. (2002) suggest that the bulk deformation within the crust at Nanga Parbat may be described as heterogeneous vertical stretching; it is only when strain gradients become pronounced that simple shear dominates. If this view is correct, a combination of pure and simple shear is responsible for the exhumation of the NPM.
Evidence for the mechanism(s) of exhumation of the NPM should be preserved within the rock record. For example, when a rock is deformed, one of the fundamental changes observed is a re-orientation of the crystal components, usually into a direction defined by the stress field, to form CPO. It is well known that natural deformation mechanisms in rocks are responsible for inducing anisotropy of the inherent petrophysical properties (Babuska & Cara 1991; Wendt et al. 2003) . As the majority of rock-forming minerals are elastically anisotropic, seismic anisotropy (i.e. variation of seismic velocities with direction) is an intrinsic property of most minerals and rocks. Seismic anisotropy should therefore be present at all scales in the Earth and hence can be used to infer information on structures induced by large-scale geodynamic processes at depth (e.g. Davis et al. 1997; Shapiro et al. 2004) . This contribution uses CPO measured from rocks sampled from appropriate parts of the NPM to estimate their seismic properties and, in particular, their anisotropy in order to predict the most likely mechanism(s) of exhumation.
Sample descriptions
The most recent phase of exhumation of the NPM has occurred close to the surface on the Liachar Thrust/Raikhot Fault (Butler & Prior 1988; Zeitler et al. 2001) . In the hanging wall of this structure there is a high-strain zone known as the Liachar Shear Zone (Butler & Prior 1988) , which emplaces augen gneisses of the Indian continental crust onto the Kohistan Arc rocks (Fig. 2a-c) . Although deformation of these gneisses (as indicated by varying degrees of lithological layering and grainsize reduction) effectively increases towards the Liachar Thrust, such deformation is not related to the thrusting. Rather, it is related to the formation of the ductile Liachar Shear Zone that developed previously at deeper levels, which is now being exhumed on the brittle Liachar Thrust. A suite of rocks has been collected from the Liachar Shear Zone in the Tato Ridge area above the Liachar Thrust . Two specific samples (B1 and B2) from this suite are considered in this contribution (Fig. 3) . Both are augen orthogneisses and contain the same quartz + plagioclase + orthoclase + biotite + muscovite mineralogy, although in varying proportions, while sample B2 also contains minor garnet.
Sample B1 (Fig. 3a) contains relict clasts of the original igneous protolith, with a large range in clast and grain sizes. The clasts are mainly of plagioclase and orthoclase (although there are also regions of biotite + muscovite), while quartz has behaved in a ductile manner. The segregation of each of these phases, particularly the micas, imparts a crude lithological layering. Sample B2 comprises two distinctive subsamples. Half of the sample (B2m) is considered to represent the ultimate development of lithological layering and grain-size reduction due to ductile shearing (Fig. 3b) . All minerals appear extended in the foliation except for garnet, which occurs as porphyroblasts. In the other half of the sample (B2c), the lithological layering due to ductile shearing has been completely destroyed by the effects of the brittle deformation associated with the Liachar Trust (Fig. 3c ). However, a weak 'foliation' due to variations in fragment sizes is apparent within a cement comprising very-fine-grained orthoclase. The kinematic indicators associated with the microstructures of samples B1, B2m and B2c, whether ductile or brittle, suggest a top-to-the-northwest sense of movement, consistent with the large-scale geometry of the NPM (e.g. Figs 1d & 2b; see Butler et al. 2002 for details) .
The varying degrees of lithological layering, grain-size reduction of quartz and feldspars by ductile processes and other microstructures in the augen gneiss samples (e.g. Fig. 3a , b) attest to different degrees of deformation under (at least) lower amphibolite facies temperatures. The samples are therefore considered to indicate an increasing strain gradient within the Liachar Shear Zone, partly responsible for the exhumation and emplacement of the NPM at depth (e.g. Figs 1d & 2c). As sample B1 was collected from the periphery of the Liachar Shear Zone, it is considered to represent the 'background' deformation state of the Indian continental gneisses protolith.
Sample B2m represents the maximum expression of the (increasing) strain gradient associated with the shear zones involved in the exhumation of the NPM. In contrast, differences in orthoclase composition between relict gneissic fragments and cement within sample B2c suggest that faulting was either associated with and/or succeeded by fluid flow that precipitated orthoclase in void spaces created by fracturing, resulting in a cemented cataclasite. Such processes are typical of low temperatures and hence relatively near-surface deformation. Cataclasized sample B2c is therefore considered to represent the brittle fault zones responsible for the exhumation/emplacement of Nanga Parbat at shallower crustal levels, a manifestation of shallow-level strain partitioning (e.g. Figs 1d & 2c). This sample is obviously not typical of the fault zones, including those currently active (e.g. the Liachar Thrust), during their movement episodes when fracturing dominates the microstructure and hence petrophysical properties. Rather, the orthoclase cemented cataclasite is typical of the fossilized fault structures as they now occur. However, the volume and distribution of orthoclase cement provides an estimate of fault zone porosity and hence fracture density during such movement episodes.
Methodology
Factors that determine the seismic properties of rocks include (e.g. Mainprice & Nicolas 1989; Babuska & Cara 1991) : mineralogy and lithology, layering, grain shape, crack and fracture arrays and CPO. The latter is particularly significant because single-crystal seismic velocities of minerals vary with crystal symmetry and direction due to variations in the elastic properties of the crystals. Consequently, deformation processes such as dislocation creep that lead to CPO of anisotropic minerals in deformed rocks must also impact upon the elastic stiffness matrix and hence seismic properties of the rock aggregate (e.g. Lloyd et al. 2011) . Crack and fracture arrays (including porosity) are only likely to be significant, and therefore impact on seismic properties, at shallow depths (e.g. Crampin 1981) . As samples B1 and B2m are from either the background gneisses or the shear zones developed at depth, it is therefore expected that their seismic properties (and hence those of most of the NPM) vary mainly with CPO. However, the cataclastic fault zone (i.e. sample B2c) developed at shallow depths, where it was subsequently cemented by orthoclase feldspar. The feldspar has acted to seal the fault zone and thereby removed the influence of fractures on the seismic properties.
The methodology used to estimate seismic properties from CPO follows standard procedure (e.g. Mainprice 1990; Barruol & Mainprice 1993; Mainprice & Humbert 1994; Lloyd & Kendall 2005) . The crystal orientation of each mineral grain in a sample is measured automatically via SEM/EBSD (e.g. Prior et al. 1999) to determine the individual mineral CPO. The single-crystal elastic properties for each mineral CPO are rotated into the sample reference frame, such that the elastic parameters of the polycrystal are derived by integration over all possible orientations in the 3D orientation distribution function (e.g. Bunge 1982; Ben Ismail & Mainprice 1998 ). Due to stress/strain compatibility assumptions, three different averaging schemes are possible (Crosson & Lin 1971 ). The constant strain or Voigt (V) average (Voigt 1928) and constant stress or Reuss (R) average (Reuss 1929 ) provide upper and lower bounds. However, the arithmetic mean or Hill (H) average (Hill 1952) of V and R is often taken as the best estimate of the elastic parameters as it is observed to give results close to experimental values (e.g. Bunge et al. 2000) . The individual mineral CPO measurements are then combined in their correct mineral proportions, from which the whole-rock seismic properties are estimated via the Christoffel equation (e.g. Babuska & Cara 1991; Kendall 2000) .
The seismic properties of interest include the compressional wave (Vp) and shear waves (Vs 1 , Vs 2 ) phase velocity distributions in threedimensions, as well as the degree of shear-wave splitting for a given direction. The latter is represented as either the absolute difference in shearwave velocities (i.e. dVs ¼ Vs 1 -Vs 2 ) or the shear-wave anisotropy, which is conventionally defined (e.g. Mainprice & Silver 1993) :
The absolute anisotropy of Vp, Vs 1 and Vs 2 can also be calculated by substituting their appropriate maximum and minimum values for Vs 1 and Vs 2 into this equation.
Shear-wave splitting analyses of real data estimate the degree of splitting and orientation of the fast shear wave for a given ray direction (e.g. Kendall 2000) . Thus, the polarizations (or birefringence) of the fast shear waves (Vs 1 P) are also calculated from the whole-rock seismic properties via the Christoffel equation (Mainprice 1990) .
In practice, all constituent minerals contribute to the overall seismic properties of a rock aggregate depending on their single-crystal elastic parameters, volume fraction and CPO. Thus, the aggregate 
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seismic properties may be different from any of the individual mineral properties in rocks where one mineral does not dominate in any particular manner (i.e. modally, elastically and/or strength of CPO). Indeed, there must be a significant degree of crystal alignment (most typically produced by dislocation creep due to tectonic stresses in deformed rocks) of at least one major mineral phase to produce seismic anisotropy, as randomly oriented crystals must generate an isotropic bulk rock. Where one mineral does dominate, the aggregate seismic properties are likely to reflect the characteristics of that mineral. For example, micas are one of the most anisotropic of the common rock-forming minerals, exhibiting a vertical transverse isotropy (VTI) parallel to the crystal c axis (i.e. normal to the mineral cleavage plane). Depending on the modal content and/or CPO strength, micas are therefore likely to contribute most to the seismic anisotropy of polymineralic rock aggregates in which they occur (e.g. Lloyd et al. 2009 Lloyd et al. , 2011 .
CPO-derived seismic properties
CPO distributions
CPO data are conventionally represented in the tectonic or kinematic reference frame (XYZ, where X ≥ Y ≥ Z ), usually from samples cut parallel to the XZ plane. However, seismic data are viewed in the natural or geographical reference frame (north-south/east -west). The SEM-EBSD CPO data measured from XZ sections of samples B1 and B2 have therefore been rotated into the geographical reference frame by means of two (different) rotations per sample as follows: B1 is firstly rotated by 222.58 about an axis plunging 908 towards 0008 (i.e. vertical) and secondly by 258 about 08/0678; and B2 is firstly rotated by 2408 about 908/0008 and secondly by 508 about 08/0908.
The biotite and, to a lesser extent, muscovite CPO for samples B1 and B2m clearly indicate the ductile foliations present in these rocks (Fig. 4a, b ).
In the former, the foliation is steeply NNE-dipping and strikes ENE -WSW while in the latter it is moderately south-dipping and east-west striking. The non-mica phases exhibit less distinct CPO patterns, possibly reflecting local constraints on CPO development imposed by neighbouring grains. The CPOs for sample B2c are different and do not indicate a foliation (Fig. 4c) . Rather, they show tendencies for small/great circle distributions centred on either maxima or minima that plunge consistently moderately towards the southwest.
Seismic properties
The seismic properties mimic the CPO distributions, particularly for biotite, in terms of the foliation in samples B1 and B2m (Fig. 4a, b) . However, the steep c. northeast-plunging stretching lineation characteristic of the 'background' gneisses is not reflected in the seismic properties of sample B1 and the moderately c. southeast-plunging stretching lineation characteristic of the ductile shear zones is only indicated by the maximum in AVs for sample B2m. These results support the suggestion (e.g. Mahan 2006; Lloyd et al. 2009 Lloyd et al. , 2011 that, when present, micas (in this case biotite) control the seismic properties of the rock, particularly anisotropy. Furthermore, because micas indicate mainly foliation and cannot recognize lineation, it is not possible to differentiate between flattening and plane-strain (e.g. simple-shear) type deformations. Thus, the seismic properties for samples B1 and B2m could have arisen from similar or very different deformations. Sample B2c is therefore interesting because its seismic properties ( Fig. 3c ) are indicative of a non-foliation-forming deformation, such as expected for constriction.
The actual magnitudes of the seismic properties for the three samples are also interesting (Fig. 4) . In terms of Vp their velocities are generally similar, reflecting their similar compositions. However, in detail, the ranges in Vp do vary between samples; B1 shows the absolute minimum (5.7 km/s) and B2m the absolute maximum (6.3 km/s). These variations in Vp impact on the AVp values per sample, which is a maximum for B1 (8.8%) and a minimum for B2c (1.3%), with B2m intermediate (4.4%). Equivalent behaviour is shown by AVs with sample B1 exhibiting the shear-wave splitting of 10.43% (equivalent to a dVs of 0.35 km/s), while sample B2m has an AVs of 4.69% (dVs ¼ 0.16 km/s) and sample B2c has an AVs of 1.03% (dVs ¼ 0.04 km/s). Thus, the ductile Liachar simple-shear zone exhibits significantly lower seismic anisotropy than the 'background' gneisses of the NPM. Similar behaviour, whereby a shear zone is less anisotropic than its wall rocks, has been observed by Michibayashi & Mainprice (2004) and Michibayashi et al. (2006) , being attributed in both cases to the presence and significance of pre-existing mechanical anisotropy on shear-zone development. If correct, this suggests that the 'background' gneisses of the NPM exhibit a significant deformation fabric in terms of the seismic properties. Although a brittle fault zone, sample B2c is almost anisotropic. This is presumably due to the dispersion of the various CPO along small and great circles about the moderately southwest-plunging 'rotation' axis and the orthoclase cement seal, which has acted to remove any potential crackinduced anisotropy.
Finally in this section, in terms of polarization the fast shear waves (i.e. Vs 1 P) for samples B1 and B2m are polarized parallel to the foliation when they propagate within the foliation (Fig. 4a, b) ; the behaviour of vertically propagating (e.g. teleseismic) waves (Vs 1 Pv) is therefore different in both samples. For sample B1, which is characterized by a steeply dipping ENE -WSE foliation, Vs 1 Pv is polarized ENE -WSW and has an AVs value close to the maximum. In contrast, for sample B2m, which is characterized by a moderately dipping east-west foliation, Vs 1 Pv is polarized northeastsouthwest and has an AVs value of less than half the maximum for this sample. Sample B2c exhibits similar behaviour to sample B2m (Fig. 4c ).
CPO-derived seismic modelling
The determination of seismic properties via CPO provides elastic stiffness matrices for the rock aggregates involved. Such matrices can be used to populate seismic models with realistic rock properties. This approach is used to construct several seismic models populated with the CPO-derived elastic properties of the samples described previously in order to investigate the impact of these properties (sic rocks) on the seismic characteristics of the NPM. In these models, sample B1 is considered to represent the background deformation state of the Indian continental gneisses protolith away from the localized high-strain zones, whether ductile or brittle. In other words, it is considered to represent the rock fabric that comprises the bulk of the NPM. In contrast, samples B2m and B2c are considered to represent the maximum expressions of the localized ductile shear and brittle fault zones, respectively, responsible potentially for the (near-surface) exhumation of the NPM. The seismic models erected investigated the following parameters: (1) effect of mineralogy, foliation orientation and deformation (partitioning); (2) wave propagation; (3) seismic reflection coefficients; (4) controlled source surveys; and (5) deformation determination from reflection coefficients and mode conversions.
In the seismic models the aggregate elastic constants derived for each sample via CPO analysis are converted into a density-normalized format. Only two elastic constants are required for isotropic media but at least nine elastic constants must be specified (e.g. Babuska & Cara 1991) for any other form of anisotropy. A computer program (Atrak, Guest & Kendall 1993 ) is then used to construct the models based on the aggregate elastic constants, assuming the geometry of the NPM. This program is capable of: (1) deriving slowness surfaces and reflection coefficients between adjacent lithologies; (2) tracking compressional and shearwave ray-paths in the geological situations envisaged where the effects of seismic anisotropy may be important; (3) providing estimates of the effect of crustal anisotropy on either passive or teleseismic data; and (4) generating three-component (3C) synthetic seismograms from the ray-traced models, using the reflection coefficients and mode conversions derived earlier to aid interpretations.
Effects of mineralogy, foliation and deformation
Mineralogy. Although CPO relationships between individual mineral phases in polymineralic rocks are often complex (e.g. Fig. 4) , it is possible to determine the impact of each mineral phase on the bulk rock seismic properties. This is achieved by recognizing that individual mineral CPOs represent a 'recipe book' from which rocks of different modal proportions but with the same measured CPO can be constructed (e.g. Tatham et al. 2008; Lloyd et al. 2009) . A single mineral phase can therefore be chosen and its modal proportion varied between 0 and 100%, with the other minerals left to comprise the residual composition in their relative (i.e. measured) modal proportions.
Using this 'recipe' approach, the impact of modal proportion on the seismic anisotropy of samples B1, B2m and B2c has been considered (Fig. 5) . It is clear that micas, and especially biotite, make the main contribution to the bulk seismic anisotropy (see also Takanashi et al. 2001; Chlupacova et al. 2003) . Due to their generally weak CPO in these samples, feldspars and quartz impose a diluting effect on the anisotropy introduced by micas. The absence of CPO in any of these minerals in sample B2c means that the cataclastic fault zone exhibits very little anisotropy (Fig. 5) .
Foliation orientation. The results of CPO and seismic property analysis of samples collected from the NPM (Fig. 4) suggest that the orientation and strength of foliation play crucial roles in the extent of shear-wave splitting (see also Lloyd et al. 2011) . From the previous section, such effects are likely to be exacerbated as the phyllosilicate content increases. To investigate the impact of (mica-controlled) foliation orientation, a simple elastic model was therefore designed (Fig. 6a) . Although model width can be arbitrary (in the present models, the X and Y dimensions were set at 10 and +5 km, respectively), depth was set at Z ¼ 50 km because the NPM is believed to involve the whole crust which is estimated to be c. 48 km thick (Butler et al. 2002) . The model was populated with the elastic constants of sample B1, considered as representative of the early fabric state of the deformed NPM orthogneisses. The effect of foliation orientation was investigated by rotating the elastic constants of sample B1 such that the foliation changed progressively from vertical (i.e. 08) to horizontal (i.e. 908). Figure 6b illustrates the end-member foliation configurations. Finally, a shear-wave source was positioned near the base of the model within an isotropic layer to avoid complications associated with sources in anisotropic media. Figure 6c shows the travel times versus offset plots of the shear waves for the end-member horizontal and vertical foliations situations (Fig. 6b) . The original shear wave is clearly split into two shear waves for both cases. However, there are obvious differences in the travel times and offsets for the two foliation orientations. This behaviour is shown more clearly by considering the magnitude of the shear-wave splitting for each increment of foliation orientation (Fig. 6d) . From 0-458 there is little variation, but beyond 458 there is a trend of steadily decreasing shear-wave splitting to a minimum of ,0.15 s at 908. There is therefore a difference of c. 1.3 s between the maximum and minimum shear-wave splitting for vertical and horizontal foliation orientations. Although the impact of foliation orientation on shear-wave splitting is perhaps intuitive, the maximum splitting actually occurs at 108 to the vertical (Fig. 6d) . This specific behaviour reflects the detail present in both the CPO distributions (Fig. 4a ) and the plunge of the lineation within the foliation plane. The splitting observed therefore depends on CPO, foliation orientation and ray geometry, which suggests that small-scale petrofabric observations can be effectively used as proxies to investigate regional-scale geodynamics in the crust (see below). Indeed, as the potential for c. 1.3 s of shear-wave splitting due to CPO is larger than the average SKS splitting observed (e.g. Silver 1996) , this suggests that the crust can make a significant contribution to SKS splitting. Furthermore, values of 1.3 s splitting would be relatively easy to distinguish in local events or teleseismic P-S conversions at the Moho, and highlights the importance in considering such factors in both global and local seismic surveys.
Deformation partitioning. Deformation partitioning (e.g. between pure and simple shear) can occur on all scales (e.g. Twiss & Moores 1992; Passchier & Trouw 1996) . To investigate the effect of deformation partitioning on seismic properties, assuming similar rock properties rotated into different relative orientations (e.g. vertical or pure-shear and inclined or simple-shear components), a 40 km deep elastic model was designed in which the lowest 4 km represents a basal isotropic layer containing a shearwave source located at 38 km depth (Fig. 7a) . Initially, the remaining 36 km of the model was populated with the elastic properties of sample B2m rotated into the vertical to represent 100% horizontal pure shear. Next, a shallowly dipping 2 km thick simple-shear zone (i.e. comparable in orientation and thickness to the Liachar Shear Zone in the NPM) was incorporated using the elastic properties of sample B2m rotated into the appropriate orientation (Fig. 7b) . However, the relative proportions of pure and simple shear in the model can be varied progressively by increasing shear-zone width.
The travel-time-offset behaviours for the two end-member configurations (i.e. 100% pure-shear and 100% simple-shear elastic properties) indicate considerable shear-wave splitting for both models and a slight increase in travel times for the simpleshear model (Fig. 7c, d ). In detail, the degree of shear-wave splitting measured for each increment of increasing shear-zone width shows a negative (almost linear) relationship with the amount of simple shear present in the model (Fig. 7e) . More shear-wave splitting is generated by the 100% pureshear model compared to the 100% simple-shear model, which again emphasizes the influence of steep foliations on shear-wave splitting (i.e. Fig. 6d) . Furthermore, the pure-shear model increases velocity, as shown by the c. 0.4 s difference between the arrivals of the S1-waves between the two models (Fig. 7c, d) . However, the difference in shear-wave splitting is only c. 0.6 s due to the rocks having similar seismic properties. Greater differences in seismic properties between the constituent rocks are therefore expected to induce larger differences in shear-wave splitting.
The results of these pure-and simple-shear models (Fig. 7) suggest that it may be possible seismically to not only recognize deformation partitioning but also to distinguish between different styles of deformation at depth. However, there are certain provisos as follows: (1) the geology is well-constrained; (2) the CPO characteristics are pervasive over sufficient distances depending on seismic resolution; (3) the measurements of shearwave splitting are well constrained; and, crucially, (4) there is sufficient contrast between host and shear-zone rocks in terms of foliation, fabric and structural relationships (e.g. Lloyd et al. 2011) .
Seismic wave propagation
It is known that seismic wave propagation is more complex in anisotropic compared to isotropic media, while waveform effects due to anisotropy may be dramatic and unexpected (e.g. Guest & Kendall 1993) . Wave fronts are no longer spherical and the directions of particle motion, rays and wave-front normal are generally not aligned. However, the primary effect of wave propagation from isotropic to anisotropic media is shear-wave splitting or seismic anisotropy (e.g. Crampin 1981) , resulting in the separation of shear waves into two orthogonal quasi-shear waves (qSH and qSV). The results of the previous sections indicate that shear-wave splitting is to be expected in many of the samples from the NPM.
To investigate the potential effects of (shear) wave propagation through the NPM, the program SLWVEL (Guest & Kendall 1993 ) was used to calculate the slowness surfaces (including polarization vectors and group velocity surfaces) for samples B1, B2m and B2c based on their Voight-ReussHill (VRH)-averaged elastic constants via numerical decomposition of the Christoffel equation into eigenvalues (phase velocities) and eigenvectors (displacements). Slowness is the reciprocal of phase velocity; a slowness surface is an envelope that encompasses all of the slowness vectors and therefore provides a description of elastic anisotropy (e.g. Lloyd & Kendall 2005) . Slowness curves are directly analogous to CPO-derived velocity pole figures (e.g. Fig. 4) .
In sample B1, both foliation-parallel and -normal sections exhibit variable slowness and velocity, with off-axis shear-wave splitting illustrated by the presence of two shear-wave surfaces resulting in anisotropic behaviour and almost orthorhombic symmetry (Fig. 8a) . In contrast, sample B2m is almost isotropic with only slight splitting and almost constant slowness and velocity (Fig. 8c) . Sample B2c is clearly isotropic and exhibits no shear-wave splitting and constant slowness and velocity seismically (Fig. 8b) .
Seismic reflection coefficients
Up to six new reflected and transmitted secondary waves may be generated when a ray encounters an interface between two different media, including both fast and slow shear waves. A unique feature of such reflected-converted waves in anisotropic media is that they have energy at normal incidence due to a difference in group and phase velocity produced by low-symmetry and anisotropy, which never exists in isotropic cases (e.g. Lloyd & Kendall 2005) .
As an example of this phenomenon, the seismic reflection coefficients derived from the VRH elastic constants were calculated for P-wave velocities at an imagined interface between samples B2m and B2c. Energy (as defined by the total displacement ratio) clearly exists for normal incidence P-waves and P-to-P conversions, but not for P-to-S wave conversions (Fig. 9) . However, from 15-538 incidence angles, energy associated with P-to-S conversions is greater than that associated with P-to-P conversions. This behaviour implies that converted phases are likely to contain information about the properties of the interface boundary (see also Lloyd & Kendall 2005) . Such clear azimuthal variation in reflections suggests also that multi-azimuth wideangle reflection data can be used to study sense of deformation in deep-rooted deformation zones. Furthermore, the amplitude of reflected shear waves is sensitive to anisotropy (Helbig 1993 (Helbig , 1994 .
The ability to calculate reflection and transmission coefficients at boundaries between media with different material properties can be used to aid the interpretation of seismic datasets (e.g. . The veracity of such interpretations depends critically upon knowledge of the seismic properties of the rocks involved. These properties can be determined from seismic datasets, laboratory techniques or, as in this contribution, from CPO. However, to properly gauge the effects of anisotropy on seismic wave propagation, isotropic 'control models' are needed for each sample constructed from its VRH-averaged elastic constants. Models using the isotropic elastic constants only consider the impedance contrast in a layer and at a boundary, and generally yield consistently lower P-and S-wave velocities than those observed in the actual (i.e. anisotropic) cases. This aspect is considered in the next section.
Seismic reflection coefficients and controlled source surveys
The models described so far have considered only shear-wave splitting where a CPO is persistent over a large region. Typical shear-zone widths will not be detected in such seismic surveys, as they are too narrow to have a significant effect on shearwave splitting. However, it has been suggested that reflection coefficients yield greater vertical resolution than shear-wave splitting at boundaries between anisotropic media Lloyd & Kendall 2005 ). An elastic model was therefore designed to investigate the effects of anisotropy Fig. 9 . Example of seismic modelling of reflection coefficients and mode conversions for P-waves at an interface between samples B2m and B2c in terms of energy (total displacement) and incidence wave angle (08, vertical; 908, horizontal). For normal incidence (i.e. teleseismic waves), energy exists for P-waves and P-to-P conversions but not for P-to-S conversions. From 15-538 incidence angles, P-to-S conversions energy is greater P-to-P conversions energy. Note also the significant increase in energies for wide-angle (.708) reflections. on the reflection, transmission and conversion coefficients at various angles of incidence for boundaries between the background rock of the NPM, represented by the elastic properties of sample B1, and a cross-cutting shear zone (Fig. 10a) . For the purposes of this model, the shear zone was populated with the elastic properties of another sample (Gn7) that can be proven in the field to have been derived from the protolith as represented by sample B1 (e.g. Butler et al. 2002) . For control purposes, an isotropic version of the model was also constructed.
Two interfaces are present in the model, with rays shot from the surface passing from and interacting with B1-to-Gn7 and Gn7-to-B1. Reflected waves and mode conversions therefore originate at both interfaces (Fig. 10a) . The travel-time plots for the anisotropic cases are very similar for all azimuths and indicate that fast and slow shear waves (i.e. shear-wave splitting) occur for both interfaces in the anisotropic models (Fig. 10b) . In contrast, the isotropic control models for both wall-rock-toshear-zone and shear-zone-to-wall-rock interfaces reveal relatively simple displacement-incidence angle behaviours and no shear-wave splitting (Fig. 11a, b) . Displacement (energy) increases progressively with angle of incidence for P-waves at both interfaces, although somewhat more rapidly for the wall-rock-to-shear-zone interface. The displacement-incidence angle relationships for the shear waves are similar, with both showing zero displacement at normal incidence and significant displacements at 30-408; there is considerably more energy associated with the wall-rock-to-shearzone interface, however. Displacements for both interfaces decrease to zero at c. 608 before increasing again significantly for wide-angle reflections.
Displacement-incidence angle behaviours for the anisotropic model based on the petrofabricderived elastic properties are significantly different to the isotropic cases, with both interfaces exhibiting two shear waves and hence shear-wave splitting (Fig. 11c, d ). In addition, the wall-rock-to-shearzone and shear-zone-to-wall-rock interfaces also exhibit different behaviours, with the latter characterized by greater displacements for all three mode conversations. This suggests that it may be possible to differentiate between interfaces via their mode conversion characteristics (e.g. Lloyd & Kendall 2005) . The P-S1 and P-S2 conversions for both interfaces show the greatest variation between 0-608 incidence angles, particularly for the former case. In contrast, the P-P waves show little variation with azimuth. Perhaps the best way to identify anisotropic differences is therefore to observe larger azimuthal variations at different angles of incidence Lloyd & Kendall 2005) . Furthermore, from the reflection coefficient plots, high amplitudes are expected for the converted waves.
To assist interpretation further by providing information on the amplitudes of seismic waves, and in particular their mode conversions, the elastic model shown in Figure 11a was used to produce synthetic three-component (3C) seismograms for the two interfaces (Fig. 12) . In both cases, the CPOderived elastic constants were rotated into the correct geographical orientation for 0-908 azimuths. The presence of the two interfaces is seen clearly in the 3C-seismograms, although P-P conversions are only recognized on the vertical component. In particular, they show considerable S-wave converted phase energy on the transverse component. This behaviour is indicative of anisotropy as there is no energy on the transverse component in an isotropic case. However, the main conclusion to be drawn is that boundaries between tectono-lithological units are likely to produce significant azimuthal variations (as well as polarity reversals) in 3C-seismograms.
Deformation determination from reflection coefficients and mode conversions
Three elastic models were designed to test whether it is possible to differentiate between different types of CPO-dependent deformations via seismic anisotropy. All three models were populated with the 
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0°9 0°a zimuths Fig. 11 . Example of seismic modelling of reflection coefficients and mode conversions at the interfaces between a 2 km wide shear zone (sample Gn7 elastic constants) and its wall rock (sample B1 elastic constants) for azimuths of 08, 308, 608 and 908 (anisotropic cases only). (a) Isotropic reflection coefficients for P-and S-waves at the wall-rock-toshear-zone interface. (b) Isotropic reflection coefficients for P-and S-waves at the shear-zone-to-wall-rock interface. (c) Anisotropic reflection coefficients for P -P, P -S1 and P -S2 waves for different angles of incidence at the wall-rockto-shear-zone interface (note key below). (d) Anisotropic reflection coefficients for P-P, P-S1 and P-S2 waves for different angles of incidence at the shear-zone-to-wall-rock interface (note key below).
elastic constants of sample B2c to represent deformation due to brittle faulting in the uppermost crust. In the first model, a second lower layer was populated with the elastic constants of sample B1 rotated such that the foliation was horizontal to represent a simple-shear deformation (Fig. 13a) . In contrast, the lower layer of the second model was populated with the elastic constants of sample B1 rotated so the foliation was vertical to represent a pure-shear deformation (Fig. 14a ). The third model was a hybrid of the other two models and represented a transition from coaxial pure-shear deformation at depth into partitioned and localized zones of ductile simple shear and brittle faulting deformations at progressively shallower levels (Fig. 15a) . The thickness of each layer was arbitrarily chosen at 2 km, although this is not significant because it was shown previously that reflections and mode conversions are most sensitive to the properties of the interface. A seismic source was placed at the surface in the centre of each model, from which travel times (Figs 13b, 14b & 15b) , geometrical spreading reflection coefficients and mode-converted reflections for P-P, P -S1 and P -S2 were calculated (Figs 13c, 14c & 15c) and used to construct 3C-synthetic seismograms (Figs 13d, 14d & 15d) . Although travel times do not differ between Models 1 and 2 and there is little or no shear-wave splitting (Figs 13b & 14b) , the 3C-seismograms show much greater variation. For Model 1 (Fig.  13d) , P-wave and mode-converted S-waves are Example of seismic modelling of reflection coefficients and mode conversions at the interfaces between a 2 km wide shear zone (sample Gn7 elastic constants) and its wall rock (sample B1 elastic constants) -travel-time graphs and three-component (3C) synthetic seismograms for wall-rock-to-shear-zone-to-wall-rock (i.e. B1 -Gn7-B1) interfaces using geographic elastic constants at azimuths of (see also Fig. 10b ): (a) 08; (b) 308; (c) 608; and (d) 908. Note:
(1) the presence of the two interfaces; (2) P -P conversions on the vertical component only; (3) considerable S-wave converted phase energy on the transverse component; and (4) significant azimuthal variations and polarity reversals at the boundaries between the tectono-lithological units.
present on the radial component, with the latter having the greatest amplitude. Only modeconverted waves are seen on the transverse component, while the P-wave is prominent on the vertical component with a small amount of modeconverted energy. There is significant variation in the reflection coefficients, especially on the mode conversions but less so on the P reflection. In contrast, Model 2 (Fig. 14d ) has much less energy on the vertical component of the 3C-seismogram. The P-wave has the highest amplitude which decreases with offset, while the S-wave increases with offset. There is a large amount of mode-converted energy on the transverse component. The radial component has both P-and S-waves, although the former is very small and the latter are far more prominent. Unsurprisingly, Model 3 shows the same results as Model 1 for the reflections from the upper interface between the cataclasite and horizontal foliation (compare Figs 13d & 15d) . However, the lower interface between the horizontal and vertical foliations has the most energy on the transverse component, although less than in Model 2 (Fig. 14d) which corresponds to the mode-converted waves. Mode conversions are seen more clearly on the radial component than the P-waves, which only have a small amount of energy that disappears by 600 m offset. The vertical component has only P-wave energy and this is stronger than that observed in Model 2. The transition from horizontal to vertical foliation therefore appears to enhance the P-wave on the vertical component and reduce the S-wave on the transverse component of the seismogram. It appears from the three models (Figs 13-15) that differences in amplitude of P-wave and modeconverted phases may help to determine deformation style. However, it is important to recognize that the models represent simplified geometries and consider only three types of interface. For example, as the inclination of an interface increases, there will be some energy on the transverse component. The seismic models described here therefore show only the potential of this approach rather than precise solutions. Nevertheless, the results are encouraging and illustrate how the use of arrays of 3C-seismometers is crucial in enhancing understanding of crustal anisotropy. In the next section the experience gained from the CPO-derived seismological modelling is used in an interpretation of the seismology and tectonics of the NPM.
Discussion
This section assesses whether it is possible to use CPO-derived seismic properties and models to discriminate between the different models to explain the kinematics and geodynamics of the NPM. It begins with a consideration of the known seismology of the NPM before considering the known tectonic configuration prior to a test of the pureversus simple-shear models based on the lessons and results gained earlier in this contribution.
NPM seismology
There have been several studies of the seismic characteristics of the NPM based on either direct measurements of natural seismicity (e.g. Weeraratne et al. 2004) or ultrasonic laboratory measurements of samples collected from the region (e.g. Meltzer & Christensen 2001) . Natural seismicity indicates Vp and Vs values of 5.5-6.5 and 3.0-3.7 km/s respectively, similar to the ultrasonically measured values after all (expansion) cracks have closed (Fig. 16a) . These values are in excellent agreement with the CPO-derived measurements obtained in this study (see also Fig. 4 ). However, although there is good agreement between ultrasonic-and CPO-derived Vp anisotropy estimates, the former indicate considerably greater shear-wave splitting (Fig. 16b) . It has been shown previously that variation in mica content is the main control on the amount of anisotropy exhibited, with foliation orientation and development also making contributions (Figs 5-7; see also Lloyd et al. 2009 Lloyd et al. , 2011 . As the mica content is up to 10% greater in the samples measured via ultrasonics (Meltzer & Christensen 2001) , the discrepancy between the two estimates is considered to be mainly due to differences in mineral composition between the two sample sets. Meltzer & Christensen (2001) estimated c. 1.5 s of shear-wave splitting for a 40 km thick crust with vertical foliation, via ultrasonic measurements. This value is only slightly greater than the c. 1.3 s estimated from the CPO-derived model (Fig. 6) . Again, the small discrepancy can be explained by differences in mica content and/or foliation development/orientation (Figs 5-7). As splitting delay times increase with distance travelled through anisotropic material, they can provide a means of mapping rock fabric at depth (e.g. Kern & Wenk 1990) . However, the range of delay times can also be influenced by compositional heterogeneity, lateral variation in anisotropy, changes in regional foliation orientation and velocity variance due to non-axial propagation through a wide range of event-station azimuths, as shown in this contribution. Meltzer et al. (2004) however argue that because the composition of the NPM is basically homogeneous and its structure is well constrained, while ray-paths are restricted to the crust and source-receiver geometries sample a range of azimuths with respect to structure, seismic data is ideal for studying and quantifying the affect of nonaxial propagation through the regional foliation. They argue further that as current tomography codes do not generally account for anisotropic effects, and may potentially under-or overestimate Travel times for P-P, P-S1 and P-S2 wave conversions. (c) Three-component (3C) synthetic seismograms. (d) Reflection coefficients and mode converted reflections for P-P, P-S1 and P -S2 waves (key is the same for all plots).
velocity structure in the crust, this type of analysis has important implications for understanding crustal dynamics. In particular, Vp, Vs and Vp/Vs ratios are typically used to infer both lithology and rheology of subsurface materials providing constraints for thermo-mechanical models of deformation (e.g. Christensen & Mooney 1995) . The potential for 1.3-1.5 s of shear-wave splitting due to CPO-induced seismic anisotropy should be easy to distinguish via natural seismicity, such as local events or teleseismic P-S conversions at the Moho. Indeed, Weeraratne et al. (2004) observed such strong anisotropy in teleseismic and regional shear phases from a seismic array deployment across the NPM. Stations outside the NPM recorded 1.5-2.3 s delay times, with WNW -ESE fast directions in SKS and related core phases; regional S-phases from the Hindu Kush with source depths of 200 -300 km had similar c. eastwest fast directions but delay times of ≤0.5 s. As the depth range sampled by the latter lies mainly in the high-velocity lithosphere (which extends to .200 km beneath the NPM), it appears that the lithospheric contribution to the total shear-wave splitting observed for the teleseismic phases is only c. 0.5 s with c. 1.0-1.5 s originating in the sublithospheric mantle (Weeraratne et al. 2004) . Furthermore, while SKS paths from a wide range of back-azimuths produce null measurements within the interior of the NPM, laboratory studies of gneiss samples suggest that as much as 21% shearwave anisotropy with north-south fast axis may exist in the crust (Meltzer & Christensen 2001 ). In addition, mantle lithosphere deformation consistent with east -west compression of the NPM may also contribute to shallow north-south anisotropy (Weeraratne et al. 2004) . The null observations in the NPM interior may therefore be due to the mutual cancellation of north -south and east -west shear-wave splitting effects (see below).
NPM tectonics
Seismic velocities and velocity ratios are typically used to infer both subsurface lithology and rheology, thereby providing constraints on thermomechanical models of deformation, tectonics and geodynamics. A prominent low-velocity zone (compared to surrounding regions) has been recognized beneath the NPM and extends through the crust into the upper mantle (e.g. Meltzer et al. , 2004 . One explanation for this behaviour, especially as composition is considered to be effectively homogeneous, is the presence of hot rocks at depth. The variable seismic waveforms and slightly lower Vp/Vs ratios observed therefore suggest the existence of super-critical fluids in small regions of limited extent, which are more consistent with partial melts and/or aqueous fluids rather than the presence of large magma bodies. This is supported by a shallow (c. 2-5 km bsl) brittle-ductile transition that bows towards the surface under the NPM, which is consistent with rapid advection from depth of hot crust into the massif along shallow detachments. Furthermore, magnetotellurics indicate that the lower crust is atypically resistive (Park & Mackie 1997 , 2000 . Each of these anomalies exhibits a 'bulls-eye' pattern centred on the NPM. It has therefore been suggested that the magnitude and extent of the low-velocity zone within the NPM constrains crustal flow paths, thereby focusing exhumation and concentrating crustal strain and potential zones of partial melting in the crust. This led Zeitler et al. (2001) to describe the geodynamics of the NPM as a 'tectonic aneurysm'.
In contrast to the 'tectonic aneurysm' model involving hot rocks, high thermal gradients and/or pore pressures in typical plutonic and/or metamorphic rocks, Meltzer & Christensen (2001) proposed an alternative explanation for the seismic structure and characteristics of the NPM. They suggest that as the mid-lower crust is typically layered with well-defined foliations and fabrics on multiple scales, in situ velocities from refracted or turning rays that spend substantial portions of their travel paths either parallel or normal to the foliation plane may systematically either over-or underestimate seismic velocities. Whereas observed velocities of 6.0-6.5 km/s that are interpreted normally as indicating rocks of intermediate composition could also be indicative of waves propagating (sub-) parallel to foliation in felsic rocks, observed velocities of 5.6-6.0 km/s could indicate propagation at high angles to foliation in similar lithologies (e.g. Figs 6 & 7; see also Lloyd et al. 2011) . Such observed velocity variations only require changes in foliation properties (i.e. deformation) with depth rather than composition. Crucial to the validation of this alternative model are the seismic anisotropy characteristics of the NPM. Although Weeraratne et al. (2004) observed up to 1.5 s of shear-wave splitting within the NPM, they also recognized null observations within the interior of the massif, from which they derived a two-layer anisotropic model with north-south anisotropy in the crust and lithosphere due to east-west compression of the Nanga Parbat orogen cancelling splitting from c. east -west sublithospheric anisotropy (see above).
The results of the CPO-derived seismological models described in this contribution can be used to test (although perhaps as yet only qualitatively) the various tectonic models for the NPM. The differences in amplitude of P-wave and mode-converted phases on the transverse component help to distinguish deformation style, while mode conversions and transverse component energy are diagnostic of the degree and orientation of foliation (which have dramatic effects on seismic waves). Steeply inclined foliation produces large mode-converted amplitudes on the transverse component of 3C-seismograms as well as significant shear-wave splitting, compared to shallowly inclined foliation. Such differences should be easy to distinguish in local events or teleseismic P -S conversions at the Moho. Although high-amplitude P-to-S-wave converted reflections have been observed in wide-angle reflection data in the Himalayas, they have been interpreted as indicating the presence of partial melt accumulation because they are believed to be uncharacteristic of crustal reflections (e.g. Makovsky et al. 1996) . However, the results of the elastic models presented here suggest that they can indeed be associated with interfaces between different lithologies and/ or different deformation styles. These results not only indicate the importance of considering seismic anisotropy in crustal seismic surveys, but also that it should be possible to discriminate between different deformation processes active at depth using seismic measurements. As a first approximation, the results of the CPOderived seismological models described in this contribution appear to be more consistent with the Meltzer & Christensen (2001) model for NPM rather than other models such as the 'tectonic aneurysm' model of Zeitler et al. (2001) .
NPM: pure-versus simple-shear tectonics
This contribution has referred throughout to two simple alternatives (perhaps 'end-member' models) for the tectonics of the NPM, namely the penetrative pure-shear model (e.g. Butler et al. 2002) and the localized simple-shear model (e.g. Burg 1999) . If pure shear is persistent at depth, it would require a steep to subvertical fabric to persist throughout the NPM due to horizontal shortening and vertical extension. In contrast, the simple-shear model would induce a crystal alignment in the direction of shearing at much shallower angles, perhaps with much narrower length scales measured in the (sub-) vertical sense. The question therefore arises as to whether it is possible to discriminate between the two models and hence to make inferences about the kinematics using real seismic data based on the experienced gained via the CPOderived seismic modelling described above. To begin to answer this question it is necessary to consider the effect of foliation orientation on the magnitude of shear-wave splitting, as steep foliations result in considerably greater shear-wave splitting than shallow foliations (i.e. Figs 6 & 7) . Butler et al. (2002) envisaged an increasing strain gradient from the core of the NPM towards the northwest, within which subvertical pure-shear stretching flanks and passes into an inclined simpleshear zone (e.g. Fig. 17a ). The impact of the changes in foliation orientation due to this strain gradient on shear-wave splitting can be assessed from the results of the seismic modelling described previously. From Figure 6d , most of the NPM (including its core) is dominated by steep vertical foliations and therefore should exhibit .1.0 s shear-wave splitting (e.g. Fig. 17b ). However, a zone of lower shearwave splitting values (i.e. ,1.0 s) should also be observed, particularly near to the surface towards the northeast (e.g. Figs 1 & 2) .
In practice, the regional variation between pure-shear and simple-shear tectonics shown in Figure 17a can be recognized on all scales. For example, anastomosing simple-shear zones occur on many scales and separate domains of relatively low deformation that may be described as pure shear. Furthermore, many tectonites exhibit S-C foliations in which planar C-surfaces of concentrated deformation (i.e. 'shear zones') separate broader regions or 'lithons' containing S-surfaces inclined to the C-planes (e.g. Lister & Snoke 1984) . Such scaleinvariant pure-shear-simple-shear deformation geometries are illustrated in Figure 17a , superimposed upon the regional tectonic traverse across the NPM. Their impact on the shear-wave splitting characteristics can be inferred from the seismic model described in Figure 7 . This model considered the effect of varying the proportion of sample B2m elastic properties Elastic properties, which can be considered as a proxy for a simple-shear zone, to sample B1 elastic properties, which can be considered as a proxy for a pure-shear fabric. Together, these proxies could also represent various combinations of S-C foliation intensities (see also Lloyd et al. 2009 ). As the proportion of shear zones/S-C foliation increases, the amount of shear-wave splitting decreases (Fig. 7e) . Thus, variations in shear-wave . 4 ); rectangular boxes, natural velocities measured in situ at NPM ; solid and broken curves, ranges of experimental ultrasonic values for NPM samples (Meltzer & Christensen 2001) . Also shown are the Vp/Vs ratio ranges per sample and the typical values of Vp expected in the middle crust according to Rudnick & Fountain (1995) . ( splitting characteristics must also reflect the deformation state in terms of the development of shear zones and/or S-C foliations on the scale of the seismic wavelength and/or the volume of rock penetrated (Fig. 17b) .
On the basis of these data only, it appears that the tectonics and kinematics of the NPM can be explained by the model of Butler et al. (2002) . Thus, pervasive pure-shear vertical stretching dominates the tectonics and is responsible for most of the exhumation and topography of the NPM (e.g. Fig. 17a ). Superimposed onto this fabric is a localized (simple) shear and brittle faulting deformation, particularly near to the surface. However, confirmation of the viability of this model requires more field data, both geological and seismological. In particular, 3C-seismic array studies of reflected waves and mode conversions could be used to recognize and distinguish the two styles of deformation, and hence strain gradients, due to deformation changes and associated variations in petrofabric-derived elastic constants.
Conclusions
(1) Polymineralic high-strain zones responsible for large-scale orogenic displacement have different CPO and seismic properties depending on whether they are mylonitic or cataclastic. (2) 'Mylonitic' shear zones exhibit specific nonrandom CPO and seismic characteristics. Girdle distributions develop typically parallel to mylonitic foliation, while maxima and/or minima in CPO develop parallel to mylonitic lineation. Such CPO characteristics result in anisotropic elastic properties and hence relatively large seismic anisotropy, with AVs girdles and AVs-maxima developing parallel to mylonitic foliation and lineation, respectively. The Vs 1 -min is typically normal to the mylonitic foliation. (3) Where 'mylonitic' shear zones have evolved from a previously deformed (gneissic) protolith, they may exhibit uncharacteristically low seismic anisotropy compared to their wall rocks. It is therefore not sufficient to use high anisotropy as indicative of localized zones of concentrated ductile deformation.
(4) Cataclastic fault zones exhibit random CPO fabrics and hence very weak seismic anisotropy with isotropic symmetry, although a fracture-related and/or fault cement CPO can develop. The maximum seismic velocities probably lie in the fault plane and Vs 2 -max may develop parallel to the fault movement direction. (5) Seismic modelling and ray-tracing has shown that it is possible to recognize differences in deformation style. Foliation orientation and intensity have dramatic effects on seismic wave propagation. A rock with 10% AVs and a vertically aligned foliation persistent throughout a 40 km thick crust induces c. 1.2 s of shear-wave splitting compared to a horizontal alignment that induces only 0.2 s splitting. This degree and/or difference in shear-wave splitting caused by CPOinduced anisotropy should be easy to distinguish in local events or teleseismic P-S conversions at the Moho. (6) The model results also highlight the importance of considering anisotropy in crustal seismic surveys. Inclining foliation to match geological observations at the surface indicates that relative differences in shear-wave splitting may permit a strain gradient to be measured and mapped using seismic measurements. (7) The results of the petrofabric-derived seismological models are consistent with a pervasive pure-shear vertical stretching model for the tectonics of the NPM (e.g. Butler et al. 2002) , rather than the conventional shear and fault zones localization model (e.g. Burg 1999 ). In addition, they challenge the interpretation of low velocities beneath the NPM in terms of partial melts and hence cast doubt on the concept of 'tectonic aneurysm'. (8) Petrofabric-derived seismological modelling represents a combination of micro-mesomacro scale observations that can provide a quantification of the petrophysical properties involved in large-scale geodynamic processes. Small-scale petrofabric observations potentially can be effectively used as a proxy to investigate regional-scale geodynamics in the crust. However, this contribution has concentrated only on the input Fig. 17 . Relationship between deformation-induced shear-wave splitting and tectonics of the NPM according to the pure-shear vertical stretching model of Butler et al. (2002) . (a) Symmetrical regional subvertical stretching passing into a restricted zone dominated by simple shear. Note also variation in pure-shear (P) and simple-shear (S) S -C foliations (Pc, Ps, Sc and Ss respectively) and/or shear zones that can occur on all scales. (b) Effect of foliation orientation on magnitude of shear-wave splitting in terms of relative proportions of pure-(P) and simple-(S) shears and S-C foliations. Shaded regions indicate range and relative probabilities of splitting for each type of deformation.
from CPO. Other (micro-) structural elements are also known to contribute to the seismic properties of rocks (e.g. grain shape, fractures, lithological layering, grain boundaries, etc.) and must be included for a complete analysis.
